Size sexual dimorphism is one of the major components of morphological variation and has been associated with socioecology and behavioral variables such as mating patterns. Although several studies have addressed the magnitude and pattern of sexual dimorphism in Australopithecus afarensis, one of the earliest hominids, consensus has yet to be reached. This paper uses assigned resampling method, a data resampling method to estimate the magnitude of sexual dimorphism without relying on individual sex assessments, to examine the fossil hominid sample from Hadar. Two questions are asked: first, whether sexual dimorphism in a selected sample of skeletal elements of A. afarensis is the same as that in living humans, chimpanzees, or gorillas; and second, whether different skeletal elements reflect variation in sexual dimorphism in the same way. All possible metric variables were used as data in applying the method, including seven variables from three elements (mandibular canine, humerus, femur). Analyses show that A. afarensis is similar in size sexual dimorphism to gorillas in femoral variables, to humans in humeral variables, and to chimpanzees in canine variables. The results of this study are compatible with the hypothesis that the pattern of sexual dimorphism in A. afarensis is different from any that are observed in living humans or apes.
Introduction
Size sexual dimorphism is one of the components of morphological variation within species (Wood, 1976) , and its magnitude has been associated with socioecological and behavioral variables such as mating patterns (Frayer and Wolpoff, 1985; Plavcan, 2001; . Hence, exploring the sexual dimorphism in early hominids can help understand their social structure and adaptation. In that sense, it is of particular interest to examine sexual dimorphism of Australopithecus afarensis, one of the earliest hominids.
The range of morphological variation in A. afarensis has been a topic of debate for a long time. The fossil hominid sample encompasses a high level of variation that some researchers have argued is too high to be explained by a single species (e.g. Olson, 1985; Zihlman, 1985) , although this does not represent the mainstream opinion. Rather, the range of variation in A. afarensis has been explained by a high level of sexual dimorphism, an interpretation put forth by the researchers of the earliest findings (Johanson and White, 1979; Johanson et al., 1978) . This position has gained support from other researchers who have argued for a high level of body size sexual dimorphism based on posterior dentition and postcrania (Cole and Smith, 1987; Frayer and Wolpoff, 1985; Johanson and White, 1979; Johanson et al., 1978; Jungers, 1988b; Kimbel and White, 1988; Leutenegger and Shell, 1987; Lockwood et al., 1996; McHenry, 1986 McHenry, , 1996 Richmond and Jungers, 1995; Stern and Susman, 1983) .
The level of sexual dimorphism has further implications for reconstructing social structure. In primates, there is a general finding of associations between monogamous species and low sexual dimorphism, and between polygynous species and high sexual dimorphism (Alexander et al., 1979; Clutton-Brock and Harvey, 1977; Ford, 1994; Kay et al., 1988; Leutenegger and Cheverud, 1985; Leutenegger and Kelley, 1977; Lindenfors, 2002; Lindenfors and Tullberg, 1998; Mitani et al., 1996; Plavcan, 2000 Plavcan, , 2001 Plavcan and Cope, 2001; Plavcan and van Schaik, 1992 . If this relationship is to be held true for the past, one can draw inferences about the mating system in fossil primates (Andrews, 1983; Fleagle et al., 1980; Greenfield, 1972; Kay, 1982a, b; Kelley, 1986; Kelley and Xu, 1991; Pan et al., 1989; Wu and Oxnard, 1983a, b; Zhang, 1982) . The high level of sexual dimorphism in A. afarensis has been a basis for the argument that these early hominids had polygynous social structure, analogous to the one seen in gorillas.
However, there is no consensus about the magnitude of body size dimorphism in this early fossil hominid species. Some have reported a body size dimorphism level as low as that in modern humans, proposing a mating system of monogamy for the early hominids (Reno et al., 2003) . Furthermore, there have been disagreements about the pattern of sexual dimorphism: the level of canine dimorphism seems to be low (Leutenegger and Shell, 1987; McHenry, 1992) , which may explain the low level of dimorphism in mandibular corpus measurements (Lockwood et al., 1996; Richmond and Jungers, 1995) .
There have been several ways to reconcile the seemingly contradictory finding of high body size dimorphism and low canine dimorphism in A. afarensis. One is to argue that canine dimorphism is a better indicator of the level of male-male competition than body size dimorphism, since body size can be under selective pressures other than sexual selection, such as predator defense or nutrition (Ford, 1994; Plavcan and van Schaik, 1997) . Accordingly, the low canine dimorphism reflects the actual low level of sexual selection in the species. However, considering that canines can also be under selective pressure other than male-male competition (Greenfield and Washburn, 1991) , this argument is not compelling.
Another possible explanation is that estimated body sizes, used to generate a measure of sexual dimorphism, are subject to compounding and unpredictable error (Smith, 1996) . Body weight dimorphism can be less accurate, either by inaccurate estimation process from skeletal element to body mass, or due to sampling error (Plavcan and van Schaik, 1997) . Estimating body size can be particularly challenging in small-bodied hominids such as A. afarensis due to allometry (Ruff, 1987 (Ruff, , 1988 . Examining the skeletal elements directly without body size estimation would address this issue, which is the approach taken in this paper.
This paper examines two questions: (1) whether sexual dimorphism in a selected sample of skeletal elements of A. afarensis is the same as that in living humans, chimpanzees, or gorillas, and (2) whether different skeletal elements reflect variation in sexual dimorphism in the same way. Skeletal elements are examined without converting to body size estimates. This is because different taxa may have different relationships between skeletal elements and body size, so that one method of body size estimation may not be valid for different taxa. Also, different taxa may have different patterns of sexual dimorphism manifested by different elements, which will be overlooked if only body size estimates are examined.
However, directly comparing skeletal measurements instead of body size brings forth two weaknesses: each skeletal element has a much smaller sample size than the sample of body sizes estimated from all elements, and it is the body size that would have the selective advantage, whether it is under sexual selection or natural selection. By focusing on skeletal measurements, important information about behavior might be lost. Yet, the error associated with estimating body size of extinct species can be large, unpredictable, and compounding (Smith, 1996) . Although there may be advantages in using estimated body sizes, the methodological costs may be addressed by adopting an alternative approach of directly comparing skeletal elements without the estimation process, as is done in this paper. In this study, the pattern of sexual dimorphism in three skeletal elements of the A. afarensis sample is assessed using an alternative method, assigned resampling method (ARM, Lee, 2001 ). This method approximates the degree of sexual dimorphism without relying on any assumption of sex diagnosis for individual specimens. Estimated sexual dimorphism in the A. afarensis sample is compared to three closely related species, modern humans, chimpanzees, and gorillas.
Materials
Hadar of the Afar triangle region of Ethiopia has yielded the largest sample of A. afarensis, thought to represent from 40 to 100 individuals (Wolpoff, 1999) .
Hominid fossils were discovered from a stratigraphic sequence formed within a relatively narrow span of time, radiometrically dated between 3.40 and 2.95 Ma (Walter, 1994) . Its relatively large sample size allows statistical analyses and the narrow span of time from one site indicates that temporal and geographical variation might not play a large role.
Materials used in this study are measurements of metric variables of the mandibular canine, humerus, and femur that have enough representation in the Hadar sample for statistical validity. Data were kindly provided by Milford Wolpoff, who took measurements on original fossils. Table 1 lists the specimens used in this study.
Mandibular canine: Four Hadar specimens have mesio-distal length (AL 128-23 (right), AL 333-103, AL 333w-58, AL 400-1) and six (AL 128-23 (right), AL 333-103, AL 333w-10, AL 333w-58, AL 333w-60, AL 400-1) have bucco-lingual breadth measurements that were analyzed in this study. Although strong arguments have been made that canine height provides a better measure of the level of sexual selection van Schaik, 1992, 1997) , cross-sectional measurements were used because there are almost no unworn canines in the Hadar sample.
Femur: Two variables have measurements from the largest number of fossil specimens, on the femoral shaft below the lesser trochanter: antero-posterior diameter and medio-lateral diameter. Seven specimens from the Hadar sample made up the fossil data which had measurements for the two shaft diameter variables: AL 128-1 (left), AL 129-1 (right), AL 211-1 (right), AL 288-1 (left), AL 333-3 (right), AL 333-95 (right), and AL 333w-40 (left).
Humerus: There are no variables on the humerus that provide a sufficient sample of Hadar specimens. Two variables for the humerus, breadth of the articular surface of the anterior face and biepicondylar breadth, are measured in three Hadar specimens: AL 137-48a (right), AL 288-1 (left), and AL 322-1 (left). Considering the importance of the humerus, both as a major long bone, reflecting overall body size and the issue of possible differences in dimorphism in different skeletal elements, this study performs the same analysis on the two observed values of Afar specimens, but with an understanding that the results may be of limited validity due to small sample size. For the comparative sample, materials from the Cleveland Museum of Natural History were used, with measurements taken by the author. Only adults with an independent record of sex were used, including 40 gorillas (20 males, 20 females), 36 chimpanzees (18 males, 18 females), and 40 humans (20 males, 20 females). Measurements were taken on the left side as there were more complete specimens available than on the right side. When the left side was absent, measurements were taken on the right side if there were no signs of asymmetry in other skeletal elements.
Methods
Documenting the magnitude and pattern of sexual dimorphism in early hominids is important in understanding morphological variation and will possibly illuminate the social structure of ancestral humans. However, estimating sexual dimorphism in extinct hominids is not a straightforward task. A critical challenge is the fact that sex cannot be ascertained in most extinct hominid fossil specimens. Since male and female averages are often used in measures of sexual dimorphism, uncertainty of sex in individual data points is an obstacle in assessing the magnitude of sexual dimorphism.
Several methods have been proposed to estimate the degree of sexual dimorphism in samples of unknown sex, from relatively simple methods using range, mean/ median, or coefficient of variation (Arsuaga et al., 1997; Fleagle et al., 1980; Johanson and White, 1979; Jungers, 1988a; Kay, 1982a; Kimbel and White, 1988; Leutenegger and Shell, 1987; Lockwood et al., 1996; McHenry, 1986 McHenry, , 1991 Plavcan and van Schaik, 1994; Richmond and Jungers, 1995; Wood, 1976; Zihlman, 1985) , to more complex methods (Bennett, 1981; Josephson et al., 1996) . These methods have been shown to have various levels of precision and accuracy, with simple methods performing as well as, if not better than, more complex methods (Cope and Lacy, 1995; Godfrey et al., 1993; Plavcan, 1994) . However, they still need to solve the problem that conventional measures of sexual dimorphism do not provide, that is confidence intervals that allow comparison of different samples.
The ARM (Assigned Resampling Method) is designed to estimate sexual dimorphism in samples of unknown sex (Lee, 2001) , which is often the case for hominid fossil samples. ARM gives an estimate of sexual dimorphism with variance. Its algorithm starts with drawing a pair of values with replacement, and calculating a ratio by dividing the larger by the smaller of the pair. A filter that excludes the pairs that have both values drawn from either end of the range of values of the mixed-sex distribution is incorporated to reduce the amount of underestimation. Among filters with different settings, the filter that excludes pairs beyond the range of more than 70.5 standard deviation from the mean was most effective, and hence was incorporated into ARM (Lee, 2001) . Distribution of ratios is generated by repeating the sampling 500 times, and the mean of the generated distribution is the ARM estimate of sexual dimorphism.
ARM was tested using data sets of individuals with known sex. Using 40 metric variables of three species, humans, chimpanzees, and gorillas, ARM estimates were calculated as if sex were not known, then were compared to the observed sexual dimorphism measurement based on known sex for each individual. Since ARM estimates are essentially the mean of ratios, they would diverge from the conventionally used measurement of sexual dimorphism, expressed as the ratio of means. When ARM estimates are plotted against the calculated sexual dimorphism for the test data set, the two variables show positive linear correlation (Fig. 1) : ARM estimates track the calculated measurements closely. Furthermore, ARM estimates were robust in samples of arbitrarily biased sex ratios (1:1-4:1) and in small sample size (as small as n ¼ 4), showing acceptable approximation to the observed sexual dimorphism, within 5% of deviation from the observed values (Lee, 2001) .
The deviation between ARM estimates and the calculated numbers increases as the numbers increase, but is not more than 5%. Since the correlation between the two variables is high (R 2 ¼ 0:94), the regression equation can provide a way to correct for the systematic deviation (Fig. 1, solid line) so that the ARM estimates better approximate the calculated measures of sexual dimorphism. The least-squares regression of the ARM estimates onto the calculated measurements has the regression coefficient of 0.69 and the constant of 0.36:
where y is the ARM estimate and x is the calculated sexual dimorphism. Fig. 1 . Scatterplot of ARM estimates and actual sexual dimorphism. Data points are 40 metric variables for humans, chimpanzees, and gorillas, for the total of 120 points. Data points larger than 1.30 are all from gorillas: no metric variable in humans nor in chimpanzees shows a sexual dimorphism so high. X-axis is the actual sexual dimorphism of ratio between male and female means, calculated from comparative data of known sex. Y-axis is the ARM estimate of sexual dimorphism, generated using the same data, but treating them as if sex were unknown. Solid line shows the least-squares regression: y ¼ 0:69x þ 0:36, where y ¼ ARM estimates, and x ¼ observed sexual dimorphism. Dotted line shows the isometric relationship (y ¼ x) which would be the case if ARM estimates were exactly the same as the actual measurements. The two variables show positive linear relationship (R 2 ¼ 0:94). ARM estimate, y, is modified so that the corrected ARM estimate, z ¼ ðy À 0:36Þ=0:69, has an isometric relation with x. See text for details.
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Using the Eq. (1), an ARM estimate, y, can be modified so that it converges to an isometric relationship with x, its corresponding value of calculated sexual dimorphism. In effect, the solid line in Fig. 1 will be moved to the dotted line. The corrected ARM estimate, z, is calculated as follows:
where y is the ARM estimate before correction. With this correction (2), the ARM estimates closely follow the calculated sexual dimorphism, and the two variables form an isometric relationship: z ¼ x (Fig. 1, dotted line) . The corrected ARM estimate, z, is used in this study (steps (1) through (5) in Appendix A). Hominid fossil data (discussed in the Materials section) were analyzed using ARM. For each of the variables, sexual dimorphism is estimated from a distribution of resampled ratios, following the procedure outlined above. The corrected ARM estimates for the fossil data were compared against the three comparative species, humans, chimpanzees, and gorillas. By repeating the resampling 500 times, a distribution of ARM estimates was generated for the comparative data (step (6) in Appendix A). The middle 95% of this distribution, similar to a standard error of the mean, defines the 95% confidence interval. The null hypothesis of no difference is rejected when an ARM estimate of the fossil sample is beyond the 95% interval from the comparative data.
Results
The degree of sexual dimorphism in mandibular canines for the Hadar sample is similar to chimpanzees, significantly lower than gorillas, and significantly higher than humans (Figs. 2(a) and (b) ). For canine mesio-distal length (n ¼ 4), the ARM value for the Hadar sample is 1.249, which is significantly lower than gorilla (95% confidence interval 1.428-1.473). It is significantly higher than chimpanzee (95% confidence interval 1.199-1.235), although within the range of chimpanzee ARTICLE IN PRESS (1.195-1.254), and higher than humans (95% confidence interval 1.104-1.125). For canine bucco-lingual breadth (n ¼ 6), the ARM value for Hadar sample is 1.254, which is significantly lower than gorilla (95% confidence interval 1.532-1.592), and significantly higher than humans (95% confidence interval 1.094-1.116). However, the Hadar sample ARM value is not different from chimpanzee (95% confidence interval 1.237-1.279). Not surprisingly, humans show significantly lower sexual dimorphism than chimpanzees. For femoral variables (n ¼ 7), the degree of sexual dimorphism in the Hadar sample is similar to or significantly higher than gorillas (Figs. 3(a) and (b) ). For the antero-posterior shaft diameter of the femur below the lesser trochanter, the ARM value for Hadar sample is 1.420, which is significantly higher than gorilla (95% confidence interval 1.242-1.272, range 1.233-1.282), humans (95% confidence interval 1.126-1.150, range 1.122-1.155), or chimpanzees (95% confidence interval 1.049-1.064, range 1.045-1.068). For the medio-lateral shaft diameter of femur below the lesser trochanter, the ARM value for the Hadar sample is 1.293, which is not different from gorillas (95% confidence interval 1.270-1.300), but is significantly ARTICLE IN PRESS higher than humans (95% confidence interval 1.101-1.120, range 1.094-1.125), or chimpanzees (95% confidence interval 1.049-1.065, range 1.045-1.068). For humeral variables (n ¼ 3), the degree of sexual dimorphism in the Hadar sample is similar to modern humans (Figs. 4(a) and 4(b) ). The ARM values for the Hadar sample are low for both the articular surface of the anterior face (lower than the 95% interval of modern humans, but within the range) and the biepicondylar breadth (lower than the modern human range). However, as the sample size of Hadar humeral sample is too small, the results need to be interpreted with caution.
Discussion and conclusion
This study reports that an A. afarensis sample shows high sexual dimorphism in femoral shaft variables. To the extent that femoral shaft diameter reflects body size, such a finding supports previous studies that argue for a high level of body size sexual dimorphism in A. afarensis (Cole and Smith, 1987; Frayer and Wolpoff, 1985; Johanson and White, 1979; Johanson et al., 1978; Jungers, 1988b; Kimbel and White, 1988; Leutenegger and Shell, 1987; Lockwood et al., 1996; McHenry, 1986 McHenry, , 1996 Richmond and Jungers, 1995; Stern and Susman, 1983) . Considering that hominids show a strong positive allometry in the relationship between hindlimb articular surface and body mass (Ruff, 1988) , the estimated high level of sexual dimorphism in a small-bodied hominid should be interpreted accordingly.
Body size may explain the variation in sexual dimorphism in many species of insects, birds, and mammals (Frayer and Wolpoff, 1985 , and references therein). Large primates tend to express sexual dimorphism in the form of body weight dimorphism (Gaulin and Sailer, 1984) . For a species that is already large, the cost of an increase in size is lower, and larger size has increased benefits in intrasexual competition. It is argued that the degree of sexual dimorphism is expected to increase both relatively and absolutely with an increase in body size, and hence it is an argument for allometry Cheverud, 1982, 1985; Leutenegger and Larson, 1985) . However, allometry does not seem to be the sole causal factor of sexual dimorphism in primates. A stark contrast can be observed in two studies, where one claims that body size explains 83% of the variance in sexual dimorphism (Leutenegger, 1982b) , while in the other study less than 20% of the variance is attributable to body size (Gaulin and Sailer, 1984) . As this study compares the skeletal elements directly, effects of allometry would be less than is the case with estimated body sizes.
The low level of canine dimorphism should be interpreted with caution in light of studies showing that occlusal dimensions of the canine crown (mesio-distal and bucco-lingual measurements) are less informative than canine height measurements van Schaik, 1992, 1997) . Plavcan recommends that occlusal measurements be ignored when other measurements of body size dimorphism are available. However, such a recommendation could not be followed in this paper due to the scarcity of canine height data in fossil teeth.
In the humeral variables, A. afarensis shows a degree of sexual dimorphism similar to that of modern humans, consistent with the conclusion that Reno and colleagues reached (Reno et al., 2003) , and different from the high level of dimorphism reported in previous studies (Lockwood et al., 1996; Richmond and Jungers, 1995) . Considering that these studies, as well as this one, use the same three humeri, the conflicting reports may be due to small sample size. Since a sample size of six is minimally necessary to assume that both sexes are present , it is quite possible that the humeral data sample contains only one sex; therefore, the result needs to be interpreted with great caution.
Reno and colleagues (Reno et al., 2003) used the relationship between a metric variable and femoral head diameter in one specimen (AL 288-1) to estimate femoral head diameter from various metric variables of other skeletal elements. Their approach has an advantage of pooling fragmentary fossil data and increasing sample size. However, in providing a solution to a problem, their approach may be more problematic in its methodology (Plavcan et al., 2005) . Reno and colleagues assume that the relationship between a metric variable and femoral head is the same for all individuals of a given taxon, regardless of locomotor adaptation. However, it is not so, and different skeletal variables provide different estimated body weights, as is seen in the different results regarding the magnitude of sexual dimorphism in A. afarensis (McHenry, 1986 (McHenry, , 1991 . The effect of pooling different skeletal elements needs to be examined further. Out of 29 estimated femoral head diameters used in the study by Reno and colleagues (Reno et al., 2003) , there are seven humeri, eight femora, two radii, two ulnae, six tibiae, and four fibulae. For comparative purposes, the estimated femoral head diameter data used in the study by Reno and colleagues (Reno et al., 2003, Table 1 ) were used here (Fig. 5) . ARM values for humans are in between those of gorillas and chimpanzees, as expected. All three species show significant difference in their ARM values. However, the Afar sample of 29 data points yielded ARM values higher than that of modern humans and lower than that of gorillas (Fig. 5) . The results of this paper suggest that the sexual dimorphism in the Hadar A. afarensis does not follow any of the patterns seen in living African apes or modern humans. The answer to the question whether A. afarensis is highly sexually dimorphic like the gorillas or low like the modern humans, in fact, depends on which skeletal elements are compared. The A. afarensis sample examined in this study shows sexual dimorphism like that of gorilla in femoral variables, like that of chimpanzees in mandibular canine variables, and like that of modern humans in humeral variables (notably the results from the humerus data are weaker). Therefore, it can be said that the null hypothesis that different skeletal elements show the same degree of sexual dimorphism is refuted. However, it is also possible that the variation in the magnitude of sexual dimorphism observed in this study is due to sampling error. Since individual skeletal elements have small sample sizes and different individuals were used for each skeletal element, the issue of sampling error needs to be examined in future study.
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Although the results of this study are compatible with the conclusions drawn by previous studies that found a high level of body size dimorphism and a low level of canine dimorphism (Lockwood et al., 1996; Richmond and Jungers, 1995) , the behavioral implications of such a finding are less clear. Comparative studies have indeed shown sexual selection to be the primary factor to explain variation in sexual dimorphism (Ford, 1994; Plavcan and van Schaik, 1997) ; however, the relationship is not tight, as there is no clear association between the mating system and sexual dimorphism in primates beyond the fact that high sexual dimorphism is found among polygynous species. For example, polygynous living primates show varying degrees of sexual dimorphism (Milton, 1985; Rowell and Chism, 1986) , not only high sexual dimorphism as is predicted. Species characterized by multi-male groups show higher sexual dimorphism than species characterized by single-male groups (PhillipsConroy and Jolly, 1981) . This is contrary to what is predicted. For primates, extremely high sexual dimorphism is an indicator of polygyny, but polygyny is not necessarily an indicator of high sexual dimorphism (Ralls, 1977) . Relationships with various measures of sexual selection such as socio-economic ratio, harem size, or operational sex ratio, weaken significantly once the monogamous species are excluded (Harvey and Clutton-Brock, 1985; Leutenegger, 1982a, b) . Caution is called for when interpreting the level of sexual dimorphism in terms of socio-ecological and behavioral adaptation (Plavcan, 2000 .
